The nuclear pore complex (NPC) arose in evolution as the cell's largest and most versatile transport channel. Current models for selective transport mediated by NPCs are focused on properties of intrinsically disordered regions of nucleoporins that bind transport factors. In contrast, structured regions are considered to provide static anchoring sites for the disordered regions without affecting transport factor binding. Here, we demonstrate allosteric coupling between a structured domain of a channel nucleoporin (Nup58) and its neighboring disordered domain in interaction with another channel nucleoporin (Nup54) and a transport factor (Kapb1). Analysis of multiple equilibria showed that multivalent interactions of Kapb1 with the disordered domains of Nup58 stabilize the neighboring structured domain associated with Nup54, shifting conformational equilibria from homo-oligomers to hetero-oligomers. Based on these and previous crystallographic results, a quantitative framework was established to describe constriction and dilation of the central channel as a function of transport factor occupancy.
SUMMARY
The nuclear pore complex (NPC) arose in evolution as the cell's largest and most versatile transport channel. Current models for selective transport mediated by NPCs are focused on properties of intrinsically disordered regions of nucleoporins that bind transport factors. In contrast, structured regions are considered to provide static anchoring sites for the disordered regions without affecting transport factor binding. Here, we demonstrate allosteric coupling between a structured domain of a channel nucleoporin (Nup58) and its neighboring disordered domain in interaction with another channel nucleoporin (Nup54) and a transport factor (Kapb1). Analysis of multiple equilibria showed that multivalent interactions of Kapb1 with the disordered domains of Nup58 stabilize the neighboring structured domain associated with Nup54, shifting conformational equilibria from homo-oligomers to hetero-oligomers. Based on these and previous crystallographic results, a quantitative framework was established to describe constriction and dilation of the central channel as a function of transport factor occupancy.
INTRODUCTION
Selective exchange of materials between the nucleus and cytoplasm in the eukaryotic cell is mediated by NPCs embedded in the nuclear envelope (NE). Each NPC ($120 MDa in vertebrates) (Reichelt et al., 1990) consists of multiple copies of $30 different proteins, collectively termed nucleoporins (Nups) (Cronshaw et al., 2002) . Specific sets of these nucleoporins form sub-complexes that are repetitively arranged with an 8-fold rotational symmetry along the axis of a central transport channel (Figures 1A and S1) (Hoelz et al., 2011) .
How selective transport across the central transport channel of the NPC is regulated at the molecular level remains elusive. In most current models, the transport activity of the NPC is primarily regulated by intrinsically disordered regions (present in a third of the $30 nucleoporins), which contain interspersed phenylalanine-glycine (FG) motifs and are collectively designated ''FG-repeats'' (Bayliss et al., 2000; Lim et al., 2008; Radu et al., 1995; Rout et al., 2000; Yamada et al., 2010) : Situated in the central channel and at the cytoplasmic/nucleoplasmic entry of the NPC, FG-repeats facilitate translocation of macromolecules in association with transport factors by intercalating their Phe residues into hydrophobic depressions on the surface of a transport factor; When not engaging transport factors, the FG-repeats are considered to form a permeability barrier (e.g., cohesive network or non-cohesive brush) to limit access for passive diffusion through the central transport channel (for molecules larger than 40 kDa). Implicit in these models is that the structured regions of Nups amounting to $90% of the NPC mass form a rigid transport conduit that primarily provides anchoring sites for FG-repeats but remains unaffected by transport factor binding. These models are difficult to reconcile with numerous electron microscopic studies (Akey, 1990; Au and Panté , 2012; Beck et al., 2004; Kiseleva et al., 1998) demonstrating the dynamic nature of the central channel and of the surrounding framework, necessary for the NPC to accommodate diverse sizes of cargos.
An alternative model emerged from recent crystallographic and biophysical studies on structured (helical) domains of two mammalian ''channel'' nucleoporins (Nup54 and Nup58) (Melcá k et al., 2007; Solmaz et al., 2011 Solmaz et al., , 2013 . These helical domains were found to reversibly form distinct homo-or hetero-oligomers that were interpreted to be building modules of ''midplane ring'' alternating between constricted and dilated conformations (i.e., ''ring cycle'') in the central channel (Figure 1A) . The dilated form is built from eight copies of a hetero-dodecameric module comprising four and eight segments of the helical domains of Nup58 and Nup54 (straight or bent conformation), respectively. The configuration of the dilated form is consistent with an 8-fold rotational symmetry of the NPC along the transport axis as well as with a 2-fold symmetry of the NPC core along the plane of the NE. Notably, the diameter of the dilated form is $40 nm that is compatible with the size of large transport substrates including the large ribosomal subunit ($30 nm in diameter) (Johnson et al., 2002) . This dilated form can reversibly convert into the constricted form with a diameter of $20 nm where each hetero-dodecameric unit is split into one and two homo-tetrameric modules of Nup58 and Nup54, respectively.
The equilibrium between the two conformations was proposed to be regulated by binding of transport factors to the FG-repeats of the channel Nups. In particular, the C-terminal FG-domain of Nup58 adjacent to the helical domain was deduced to sample the space near the midplane ring and sense the transport factor concentration in the central channel. At low transport factor concentrations (i.e., low demands for (A) A schematic illustration of the NPC (adapted from Solmaz et al., 2011) . Concentric cylinders represent sub-complexes of nucleoporins (Hoelz et al., 2011) . The innermost cylinder contains the three channel Nups (Nup58, Nup54, and Nup62) assembling into a midplane ring and attached ''fingers.'' The midplane ring inter-converts between dilated and constricted conformations (adapted from Solmaz et al., 2013) . The building modules of these forms are assembled from the (legend continued on next page) transport), the constricted conformation is prevalent, reducing the central channel diameter. In this state, the increased packing density of FG-repeats, regardless of whether they are cohesive network or non-cohesive brush, would strengthen the permeability barrier. An increase in transport factor concentration (i.e., high demands for transport) shifts the equilibrium toward the dilated conformation facilitating faster and more efficient transport of many cargos. In essence, transport factor occupancy of intrinsically disordered FG-repeats allosterically affects the conformational state of neighboring structured regions.
As a first step to test such a ''ligand(transport factor)-gating'' concept, we quantitatively characterized assembly of the building modules of the midplane ring and interactions of these modules with a transport factor, using relevant ''protomers'': Nup58 (the C-terminal helical domain and the neighboring FG-domain containing up to six FG-motifs), Nup54 (the C-terminal helical domain), and the transport factor karyopherin beta1 (residues 1-442, designated KapN) ( Figure 1B ). Based on this characterization, we constructed a framework that quantitatively predicts the extent to which the central channel is dilated as a function of transport factor occupancy of the midplane ring.
RESULTS
Quantitative characterization of interactions among the protomers of Nup58, Nup54, and Kapb1 requires systematic dissection of the multiple equilibria involving these three components into individual reaction steps ( Figure 1C) . We initiate the characterization with the simplest system involving homo-oligomerization of the Nup58 protomer (dimer 4 tetramer) (Melcá k et al., 2007) , which is embedded in the next level of analysis for interactions of the Nup58 protomer with KapN or with the Nup54 protomer. In the end, based on these analyses of the binary systems, the ternary system is examined to characterize the interaction of KapN with hetero-oligomers and to evaluate effects of KapN binding on the conformational equilibrium between the homo-and the hetero-oligomers. Each interaction in this scheme was characterized by isothermal titration calorimetry (ITC) to obtain the equilibrium constant and interaction enthalpy using the simplest model that best describes the observed titration curve. In contrast to conventional ITC experiments characterizing simple 1:1 interactions, our ITC data involve at least two different types of complexes contributing to the observed binding heat. Therefore, multiple data sets are required to be obtained at different protein concentrations for each interaction and globally analyzed to properly dissect the observed heat signal into individual contributions (Wong and Lohman, 1995) .
Interaction between KapN and Various Nup58 Protomers
We first screened various Nup58 protomers (Figures 2A-2E and S2) to identify the one that yields the largest binding signals (heats) in titration with KapN and therefore is most suitable for subsequent quantitative analyses of the multiple equilibria. A representative ITC profile for Nup58H6 is shown in Figure 2A in which an exothermic binding heat evolves initially (i.e., binding of $100% of the added KapN) and then decreases in magnitude with increasing [KapN]/[Nup58H6] (i.e., no net binding of the added KapN at saturation). As the number of FG-motifs is reduced from six (Nup58H6) to two (Nup58H2), the initial exothermic binding heat progressively decreases in magnitude from -13 kcal/mol to -6.5 kcal/mol with a factor of $1.6 kcal/ mol per FG-motif (Figures 2A-2C ). While the protomer representing the helical domain of Nup58 (Nup58H) does not detectably interact with KapN ( Figure 2E ), the protomer (Nup58H0) extended to include the ''linker'' (the disordered region comprising 58 residues between the helical domain and the first FG-motif) produces measurable binding heats ( Figure 2D Figure 1B ) yielded a binding isotherm ( Figure 2F ) qualitatively different from that of Nup58H6 (Figure 2A C-terminal a-helical domains of Nup58 (residues 327-415, termed Nup58H) and Nup54 (residues 453-494, termed Nup54H). The N termini of ''straight'' and ''bent'' conformers of Nup54H in the hetero-dodecamer are labeled with filled and open letters, respectively. (B) Rattus norvegicus Nup58 contains an a-helical region (residues 239-415) flanked by two disordered regions (termed FG-domains) with FG-motifs (black vertical lines). Each of the Nup58 protomers used in this study contains the previously crystallized C-terminal helical domain (colored red and denoted by H) and the indicated portion of downstream region with a specific number (0, 2, 4, or 6) of FG-motifs. Rattus norvegicus Nup54 contains disordered (1-114, 495-510), a/b (115-332), and a-helical (333-494) regions. Nup54H contains the previously crystallized C-terminal helical domain (colored blue). Homo sapiens karyopherin b1 consists of nineteen repeated helix-turn-helix (A-and B-helix) motifs known as HEAT repeats. KapN (residues 1-442) contains ten N-terminal HEAT repeats forming an ''arch'' in which A-helices (purple bars) are situated on the outer convex surface creating hydrophobic depressions for interaction with FG-motifs (Bayliss et al., 2000) . This N-terminal region is sufficient to represent full length Kapb1 in binding to the FG-domain used in this study (see Experimental Procedures). (C) Schematic representation of multiple equilibria describing interactions among Nup58H6, Nup54H, and KapN with corresponding equilibrium constants (K i , i = 1-7). See the relevant text for a detailed description of each reaction. See also Figure S1 .
Characterization of the Dimer-Tetramer Equilibrium of the Helical Domain of Nup58
Quantitative analysis of the Nup58H6-KapN titration (twocomponent system) requires de-convolution of the observed binding heats into the contributions from binding of KapN to different oligomeric forms of Nup58H6 and from accompanying shifts in the oligomerization equilibrium. First, the dimer-tetramer equilibrium previously reported for the C-terminal helical domain of Nup58 (Melcá k et al., 2007) was characterized by ITC experiments where concentrated solution of the helical domain (Nup58H) was sequentially injected into the reaction cell containing a reference buffer to measure heat signals arising from dilution-driven dissociation of tetrameric species (Figure 3A) . With increasing protein concentration in the reaction cell by successive injections, the dilution factor decreases from $100-fold at the initial injection to $6-fold at the final injection Time (min)
Interactions between KapN and Various Nup58 Protomers Investigated by Isothermal Titration Calorimetry
Representative raw heat signals generated in titrations of Nup58H6 (A), Nup58H4 (B), Nup58H2 (C), Nup58H0 (D), Nup58H (E), and FG6 (F) with sequential injections of KapN are shown in the top panels as time traces. The raw heat signals were integrated over time, normalized per mol of KapN injected, and corrected for the heat of dilution to obtain heats of binding that are plotted in the bottom panels as functions of molar ratio. See also Figure S2 .
and consequently the heat of dissociation progressively decreases in magnitude. Global fitting of the multiple dissociation profiles ( Figure 3A ) to the single-step dissociation model (Supplemental Experimental Procedures) yielded the equilibrium constant K 3 and the corresponding enthalpy change DH 3 for the tetramerization (Table 1 ). The dissociation experiments with longer Nup58 protomers containing the FG-domain are indistinguishable from that of Nup58H, yielding tetramerization constants and enthalpies comparable to K 3 and DH 3 ( Figures  S3A-S3C ). These results suggest no significant contribution of the FG-domain to the oligomerization equilibrium of the helical domain. Using the value of K 3 , fractional distribution between the two oligomers was calculated at three protein concentrations ( Figure 3B ). This calculation shows that the dimer is predominant at 5 mM but converts to the tetramer with increasing protein concentration to 10 and 15 mM.
Interaction between KapN and Nup58 Homo-Oligomers
Titrations of KapN were performed with these three concentrations of Nup58H6 (representing the characteristic distributions of the two oligomers) to resolve the contribution from the interaction of each oligomer with KapN to the observed binding heats ( Figure 3C ). The binding heat measured at the Nup58H6 concentration of 5 mM is initially less exothermic by $4 kcal/mol and then decays to the baseline more gradually than those measured at higher Nup58H6 concentrations, indicating differential binding of KapN to dimeric and tetrameric Nup58H6. The binding isotherms were globally analyzed by a multiple-equilibrium model where the stoichiometry for the interaction of each oligomer with KapN was explicitly considered (see the left half of the multiple equilibria shown in Figure 1C ). Based on the inflection point (i.e., midpoint between the initial heat and the final plateau) of the binding isotherms formed at [KapN] :[Nup58H6] = 1:4, the maximum binding stoichiometry was determined to be one molecule of tetrameric Nup58H6 per KapN. The minimum binding stoichiometry was assumed to be a single FG-domain per KapN in the initial analysis. However, this model yielded poor fitting qualities ( Figure S3D ), indicating that at least two FGdomains in each oligomer are required to form a binding site for KapN. Hence, the minimum binding stoichiometry is one molecule of dimeric Nup58H6 per KapN or one molecule of tetrameric Nup58H6 per two molecules of KapN (see Figure 1C) .
A B C D Figure 3. Interaction between KapN and Oligomeric Forms of Nup58H6
(A) Characterization of the dimer-tetramer equilibrium of the helical domain of Nup58 by ITC experiments in which concentrated solution of Nup58H in the injection syringe ([syringe] = 100-250 mM) is injected, with an increment of 2 ml, into the reaction cell (202.8 ml) containing a reference buffer. Heats of dissociation, plotted as functions of total protein concentration in the reaction cell, were analyzed by the single-step dissociation model (continuous curves) to obtain K 3 and DH 3 (Table 1) Figure S3 and Table S1 .
Global fitting ( Figure 3C ) of the binding isotherms to this scheme yielded the binding constants (K 1 and K 2 ) and enthalpies (DH 1 and DH 2 ) of the dimer and the tetramer for KapN (Table 1 ). The standard free energy changes (DG ) and the entropic contributions (TDS ) were also calculated from these fitted parameters (Table S1 ), showing that both interactions are primarily enthalpydriven. The binding constant and the magnitude of the binding enthalpy of the tetramer are larger than those of the dimer by 16.5-and 3.5-fold, respectively, suggesting that all four FGdomains in the tetramer interact with a single KapN. In contrast, a model in which a 1:1 complex between tetramer and KapN is assumed to engage only two FG domains from either dimer imposes a relationship of K 2 = 2K 1 and consequently does not fit the observed binding isotherms ( Figure S3E ).
Based on the values of K 1 , K 2 , and K 3 , the distribution of complexes between KapN and Nup58H6 (in Figure S3F .
Interaction between KapN and the Free FG-Domain of Nup58
The interaction of KapN with each oligomer engaging two or more FG-domains indicates the presence of multiple binding sites on KapN, consistent with a previous molecular dynamics simulation study that has predicted multiple hydrophobic depressions on Kapb1 as potential binding sites for FG-repeats (Isgro and Schulten, 2005) . The multivalency of KapN was further confirmed by the titration of FG6 with KapN ( Figure 4) . The biphasic feature of the binding isotherm of FG6 is best analyzed by the model in which FG6 binds KapN in two modes that are mutually exclusive and differing in stoichiometry (N mode ), binding affinity (K mode ), and binding enthalpy (DH mode ) (Figures 4A, S3G, and S3H) . In principle, the stoichiometry of each mode can be determined from the inflection point in each phase of the binding isotherm. While the second phase exhibits a clear inflection point at [KapN]/[FG6] = 1:2 (i.e., N mode2 = 2 FG6s per KapN), the inflection point of the first phase is not defined well. Therefore, a range of N mode1 (R3) was examined and N mode1 = 5 was found to yield the best fitting quality.
The magnitudes of the binding constant and enthalpy (per FG6) obtained from the fitting are larger for the second mode than for the first mode (Table S2) Figure 4B ). Based on the larger magnitudes of the binding constant and enthalpy of the second mode, we deduce that the binding interface formed between each FG6 molecule and multiple hydrophobic depressions of KapN is more extensive in the second mode than in the first mode. In fact, analysis of ITC experiments performed at three different temperatures ( Figure 4C ) revealed that the temperature dependence of the binding enthalpy (i.e., binding heat capacity DC p (per FG6) = vDH /vT), which correlates with the amount of nonpolar surface buried in the binding interface (Baldwin, 1986; Spolar and Record, 1994) , is larger in magnitude for the second mode than for the first mode ( Figure 4D ).
The binding stoichiometries determined for the interactions between KapN and FG6 (N R 2) are consistent with the multivalency of KapN observed in the interactions with the Nup58 oligomers. However, as discussed above, the interaction between KapN and each Nup58 oligomer involves cooperative binding of at least two FG-domains. Therefore, the FG-domains in such a cooperative unit and monomeric FG6 should occupy different sets of multiple interactions sites on KapN, yielding distinct KapN binding thermodynamics.
Assembly of Hetero-Oligomeric Complexes by the Helical Domains of Nup58 and Nup54
We next characterized the interactions between the helical domains of Nup58 and Nup54 that assemble into hetero-tetrameric and hetero-decameric complexes in solution (Solmaz et al., 2011) . The hetero-tetramer consists of the Nup58 dimer and two ''straight'' Nup54 protomers. In turn, the hetero-decamer is built from the two hetero-tetramers that are ''clamped'' by the two ''bent'' Nup54 protomers (see Figure 1C) . The previous light scattering experiments (Solmaz et al., 2011) indicated that the association of the bent Nup54 protomer at the ''lateral end'' of the hetero-decamer (i.e., capping) observed in the crystal structure ( Figure 1A ) is too weak to be detected in solution (see Supplemental Experimental Procedures for further analysis).
The Nup54H binding isotherms of various Nup58 protomers are observed to be qualitatively indistinguishable from each other ( Figure 5A ). Since the observed heat signals comprise heats arising from all homo-and hetero-oligomerizations of the two components, this result indicates that the FG-domain does not significantly affect any of these oligomerization equilibria. The Nup54H binding isotherms of Nup58H6 ( Figure 5B) were Each interaction (see Figure 1C) was characterized by global analysis of multiple ITC data sets obtained at various protein concentrations. The model used in each global analysis is described in detail in Supplemental Experimental Procedures.
globally analyzed by the two-step hetero-oligomerization model, in which homo-oligomerizations of Nup58H ( Figure 3A ) and Nup54H ( Figure S4A ) are also implemented (Figures S4A-S4C ; Supplemental Experimental Procedures), to obtain the association constants (K 4 and K 5 ) and enthalpies (DH 4 and DH 5 ) given in Table 1 . Exclusion of the decamerization step (K 5 and DH 5 ) significantly deteriorates the fitting qualities ( Figure S4B ), indicating that the two association steps are necessary and sufficient to describe the interactions between the helical domains of Nup58 and Nup54.
Both association constants determined in this analysis involve more than two reactants (three and four reactants for K 4 (in M
À2
) and K 5 (in M À3 ), respectively). An intuitive interpretation of these quantities may be attained by geometrically averaging each constant to calculate an apparent bimolecular affinity (K app in M À1 ). This calculation, which yielded K app in the range of 10 4 -10 5 M À1 for both association steps, suggests weak reversible interactions between the two helical domains of Nup54 and Nup58 in formation of both the hetero-tetramer and the hetero-decamer.
Interaction between KapN and Hetero-Oligomeric Assemblies of Nup54 and Nup58
In order to characterize binding of KapN to the hetero-oligomeric assemblies, we took the approach used in the analysis of the interactions between KapN and homo-oligomers: Mixtures containing a constant amount of Nup58H6 and increasing amounts of Nup54H were titrated with KapN to resolve the contribution from the interaction of each oligomer with KapN to the observed binding heats ( Figures 5C and 5D ). At a constant concentration of Nup58H6, binding heats observed in the initial phase of the titration become less exothermic with increasing Nup54H concentration, demonstrating fundamental differences in the KapN binding property between homo and hetero-oligomers. In principle, addition of KapN to a mixture of Nup58H6 and Nup54H shifts overall conformational equilibria toward the oligomer to which KapN preferentially binds. Therefore, the binding heat observed in the three-component titration comprises heat signals arising from such a coupled process as well as from binding of KapN to various oligomers. In the case of preferential binding of KapN to hetero-oligomers, the coupling process corresponds to endothermic assembly of hetero-oligomers from homo-oligomers (see Table 1 ; DH 4 and DH 5 + 2DH 4 ). The endothermic coupling heat is consistent with the observation of less exothermic binding heats at higher Nup54H concentrations. All three-component titrations were globally analyzed by the multiple-equilibrium model described in Figure 1C (Supplemental Experimental Procedures) to determine the binding constants (K 6 and K 7 ) and enthalpies (DH 6 and DH See also Figure S3 and Table S2 .
KapN for the hetero-tetramer and the hetero-decamer (Table 1) . Fitting qualities were satisfactory for all data sets (Figures 5C and 5D) with a relationship of K 7 = 2K 6 embedded in the analysis, suggesting that the hetero-decamer uses only two FG-domains in formation of the 1:1 complex with KapN (in contrast, K 2 > 2K 1 in the interactions between KapN and Nup58 homo-oligomers). The KapN binding constant of the hetero-tetramer (K 6 ) or of the hetero-decamer (K 7 ) is higher than that of the corresponding homo-oligomer (K 1 or K 2 ) by $22.5 or $2.7-fold, respectively (Table 1) . The enthalpic and Figure S4 , Table S1 , and Movie S1.
the entropic contributions to the interactions of hetero-oligomers with KapN are similar in magnitude (Table S1 ). Using the values of all the equilibrium constants determined in this study (Table 1) , fractional distribution between homo-and hetero-oligomeric forms (including both KapN-bound and free states) was calculated as a function of [KapN]/[Nup58H6] for the mixture containing 5 mM and 10 mM of Nup58H6 Nup54H, respectively ( Figure 5E ). This calculation shows that, as a consequence of the higher KapN binding constants of the hetero-oligomers, an increase in KapN concentration shifts the overall conformational equilibria toward the hetero-oligomers:
The ratio between the fractions of the hetero-and the homooligomers increases from 0.3 to 2.9 with increasing [KapN]/ [Nup58H6] from 0 to 2. Since the number of FG-domains does not change in the transition from the homo-dimer to the hetero-tetramer (or from the homo-tetramer to the hetero-decamer), we exclude enhanced ''avidity'' as a possible explanation for the increased KapN bind- ing constant in this transition. The helical domain and the disordered FG-domain of Nup58H6 are exclusively occupied by Nup54H and KapN, respectively, as observed in the titrations of various Nup58 protomers with Nup54H ( Figure 5A ) and in the titration of Nup58H by KapN ( Figure 2E) . Therefore, the observed coupling between these two domains in the interactions with Nup54H and KapN is not competitive but allosteric (Changeux, 2013) , which was further confirmed by ITC experiments showing no effect of Nup54H on the interaction between KapN and FG6 ( Figure 5F ). Moreover, the observed allosteric coupling was found to be unaffected when Nup54 is extended to include its cognate Nup54$Nup62 interactome ( Figures S4D-S4F) .
A Statistical Thermodynamic Model for Regulation of the Ring Cycle by Transport Factor Occupancy of the Midplane Ring
Using a statistical thermodynamic approach based on the equilibrium constants determined in this study (Table 1) , a quantitative framework was constructed to describe conformational transition of the midplane ring as a function of karyopherin (Kap) binding to the C-terminal FG-domains of Nup58 (Figure 6A) . In this framework, the midplane ring is represented as an octamer where each of eight subunits exists either as a constricted form (homo-tetrameric Nup58, together with two unbound homo-tetrameric Nup54) or as a dilated form (the hetero-dodecameric Nup58-Nup54 complex). Therefore, the conformational ensemble of the midplane ring consists of nine different states (P i , i = 0-8 representing the number of dilated subunits) and each state can bind a maximum of 16 karyopherins (2 karyopherins per subunit) based on the stoichiometry determined in this study (P i L n , n = 1-16). This model is similar in concept to the generalized Monod-Wyman-Changeux (MWC) model (Wyman, 1969) and the conformational spread model (Duke et al., 2001) used to describe cooperative ligand binding and conformational transition in multi-subunit protein complexes.
The extent of a shift in the conformational equilibrium between P 0 and P 8 upon binding of n-molecules of Kap can be calculated in terms of a gain in stabilization energy of P 8 relative to P 0 using the KapN binding constants of homo-and hetero-oligomers ( Figure 6B ; Supplemental Experimental Procedures). This quantity is linearly proportional to the value of n with a proportionality constant of $-0.7 kcal/mol/Kap from n = 0 to n = 8 and of $-2.8 kcal/mol/Kap from n = 8 to n = 16 ( Figure 6B ).
Fractional transition extent of the midplane ring, scaled from 0 (completely constricted) to 1 (completely dilated), was calculated as a function of average number of Kap bound per midplane ring ( Figure 6C ; Supplemental Experimental Procedures for mathematical details). This quantity can be viewed as the fraction of dilated subunits averaged over a single fluctuating midplane ring for a sufficiently long period of time. The calculation requires construction of a partition function of the midplane ring that is the sum of statistical weights of all the conformational and Kap bound states shown in Figure 6A for a given concentration of free Kap (Equations 37 and 38 in Supplemental Experimental Procedures). In addition to the equilibrium constants determined in this study, a cooperativity factor, w, was introduced in the partition function to account for coupling between adjacent subunits in the transition (see Supplemental Experimental Procedures for further description of this quantity). As demonstrated in Figure 6D , w = 70 represents a case of highly cooperative transition from P 0 to P 8 with the populations of the intermediate (i.e., partially dilated or constricted) states significantly suppressed (<10%) at any Kap occupancy. This value corresponds to a modest inter-subunit interaction energy ($-2.5 kcal/mol) that is comparable in magnitude to the estimated interaction energy between adjacent subunits in the ''ring-like'' switch complex situated in the bacterial flagellar motor (Bai et al., 2010) . Conversely, at w = 1 (0 kcal/mol), the subunits in the midplane ring are independent of each other and therefore all the intermediate states are significantly populated in the course of transition (i.e., non-cooperative transition) ( Figure 6D ). As a consequence of the stabilization of P 8 over P 0 by Kap binding energy (Figure 6B ), the midplane ring converts from the constricted to the dilated states with increasing Kap occupancy ( Figure 6C ). The sensitivity of the conformational transition of the midplane ring to Kap occupancy depends on the value of w. The number of bound Kap molecules required for half-transition of the midplane ring decreases from 12.8 to 2.8 with increasing w from 1 to 70. Ninety percent transition requires 15.0 and 7.0 Kap molecules at w = 5 and 70, respectively. We also analyzed uncertainties in the thermodynamic parameters used in the calculations and found that the uncertainties do not affect the overall qualitative features of the conformational transition described here ( Figure S5 ; Supplemental Experimental Procedures).
Although further biophysical and structural information is required to determine the nature of the transition, a structural consideration supports cooperative transition of the midplane ring. The structural model of the completely dilated midplane ring ( Figure 1A) suggests that adjacent subunits intimately interact with each other burying an extensive hydrophobic surface ($4,700 Å 2 ) (Solmaz et al., 2011 (Hilser and Thompson, 2007; Motlagh et al., 2014) and experimentally observed in the interaction between the glucocorticoid receptor (GR) and its target DNA (Kumar et al., 1999) , in transcription regulation of the phd/doc toxin-antitoxin operon (Garcia-Pino et al., 2010) and in interactions between a viral oncoprotein (E1A) and host regulatory proteins (pRb and TAZ2) (Ferreon et al., 2013) . The studies of E1A and PhD/Doc demonstrated allosteric coupling between IDRs of E1A (Ferreon et al., 2013) and between IDRs and partially disordered regions of PhD (Garcia-Pino et al., 2010) , respectively, as compared to our study and the study of GR showing coupling between IDRs and structured regions. In addition, multivalent interactions between Doc and IDRs of PhD were shown to be critical in modulating cooperativity of these two proteins in binding to the operator DNA (Garcia-Pino et al., 2010) .
Molecular Basis for the Allosteric Coupling between the Helical and the FG-Domain of Nup58H6 in Interactions with Nup54H and KapN
The molecular basis for the observed allosteric coupling was deduced by examining structural properties of Nup58H6 and KapN. First, in the transition from the homo-dimer to the hetero-tetramer, the crystal structures (Melcá k et al., 2007; Solmaz et al., 2011) show that the distance between the two C termini of dimeric Nup58H significantly changes from $78 Å to $33 Å (see I and III in Figure 1C ), which should also alter the relative spatial arrangement of the two FG-domains anchored to these C-termini. KapN may discriminate between these distinct spatial arrangements (i.e., K 6 > K 1 ), using different sets of multiple FG-domain binding sites on its surface. For instance, it is conceivable that an array of multiple hydrophobic depressions on KapN observed in a crystal structure (Bayliss et al., 2000) functions as a ''molecular ruler'' to probe the distance between the FG-domains. In this model, two FG-domains in the heterotetramer could occupy two consecutive hydrophobic depressions on KapN due to the proximity between the FG-domains. Conversely, those in the homo-dimer could occupy two distant hydrophobic depressions with a specific number of intervening unoccupied depressions. Then, the number of possible configurations (i.e., degeneracy) is greater for the heterotetramer:KapN complex than for the homo-dimer:KapN complex. Thus, the interaction of KapN with the hetero-tetramer is entropically more favorable, consistent with our ITC data yielding the higher KapN binding entropy for the hetero-tetramer than for the homo-dimer (i.e., DS 6 = 16.9 ± 1.3 entropy unit versus DS 1 = 6.2 ± 1.8 entropy unit). It is also possible that KapN recognizes a specific conformation of the FG-domains that may depend on their distance in each oligomer (Kapinos et al., 2014) . Second, in the transition from the homo-tetramer to the hetero-decamer (see II and IV in Figure 1C ), the two dimeric modules of Nup58 are laterally displaced with respect to each other. Such lateral displacement may reduce the number of FG-domains used in the formation of the 1:1 complex with KapN from four to two, as suggested in the relationships between binding constants (i.e., K 2 > 2K 1 versus K 7 = 2K 6 ).
Gating the Central Transport Channel by Karyopherin Occupancy of the Midplane Ring
The preferential stabilization of the hetero-oligomers (i.e., building modules of the dilated midplane ring) by KapN supports the ''ligand-gating'' mechanism proposed for dilation/constriction of the central transport channel (Solmaz et al., 2011 (Solmaz et al., , 2013 . Such a mechanism would be advantageous for the NPC to accommodate varying demands for transport activity represented by fluctuations in transport factor concentrations. Indeed, a significantly large fluctuation has been reported in an estimated maximum number of Kaps per NPC within a cell (100 ± 50) (Tokunaga et al., 2008) .
In the dilated state achieved at high Kap concentrations, a significant fraction of Kaps may freely diffuse through the central channel and interact with FG-domains less frequently than they would do in the constricted state. This prediction is consistent with a previous single molecule fluorescence microscopy study (Yang and Musser, 2006) in which the shorter transit time of Kap through the NPC ($1 ms) and the higher transport efficiency (defined as the fraction of successful translocation events) were observed at higher Kap concentrations. Remarkably, a recent single molecule study (Ma et al., 2012) showed that an increase in Kap concentration expanded the effective diameter of the central channel from $18 nm to $30 nm, comparable to the range of the diameter of the midplane ring.
Dilation of the midplane ring may also contribute to facilitated translocation of large cargos with many Kaps bound. Indeed, more efficient transports of large cargo molecules with higher Kap binding densities have been reported previously (Dworetzky et al., 1988; Lowe et al., 2010; Tu et al., 2013) . In particular, a single molecule study using quantum dot cargos (30-40 nm in diameter) (Lowe et al., 2010) showed that a significant fraction of cargos was initially confined between the cytoplasmic edge and the midplane in the central channel before reaching the nucleoplasmic edge or returning to the cytoplasm. Such a confinement became more frequent with increasing the cargo size by $10 nm. These observations provided evidence for the presence of a size-selective barrier near the midplane of the central channel. Among the largest cargos with the physiological relevance is the HBV (hepatitis B virus) capsid that is $34 nm in diameter and composed of 180-240 NLS-containing protein subunits directly interacting with Kaps (Rabe et al., 2003) . The ribosomal subunits may also require multiple transport factors for efficient export (Lo and Johnson, 2009) .
Allosteric Coupling as a General Mechanism for Gating the NPC The interactions and coupled conformational changes characterized in this study with Nup58, Nup54, and Kap concern only a limited territory of the NPC (midplane ring). In the context of the entire NPC, the dramatic changes in diameter of the midplane ring by dilation and constriction have to be coordinated with surrounding ''adaptor'' and ''coat'' Nups and the Poms schematically shown in Figure 1A (see also Figures S1A and S1B). We suggest that these regions also exist in two or more inter-convertible conformations energetically compatible with the constricted or the dilated midplane ring. The ''dilationcompatible'' states may be allosterically stabilized by binding of multiple transport factors to the FG-domains organized as multiple layers situated from the cytoplasmic and nucleoplasmic peripheries to the central channel of the NPC ( Figure S1C ). How these FG-domains precisely work in the allosteric stabilization is likely affected by their characteristic properties including length, net charge, and the number of FG-motifs. We also note that stabilities of different conformational states of the NPC may be affected by reversible covalent modifications on specific nucleoporin residues as has been discussed elsewhere (Solmaz et al., 2013) .
In conclusion, we quantitatively demonstrated that karyopherin binding to a disordered FG-domain of Nup58 allosterically stabilizes Nup58$Nup54 hetero-oligomers. This finding not only supports the ring cycle model but also represents a paradigmatic shift in understanding NPC structure and function, namely that the central channel of the NPC works akin to a ligand-gated ion channel (see Movie S1). However, unlike ligand-gated ion channels, which open and close within the lipid bilayer, the central channel of the NPC instead dilates and constricts within a flexible protein matrix of surrounding nucleoporins. The quantitative framework developed in this study can be extended to include the next level of context, namely cooperativity between the midplane ring and surrounding nucleoporins, once further experimental information is available. In a broader view, our study underscores allosteric regulation as a common biophysical principle in many different macromolecular systems, extending to intrinsically disordered proteins, with distinct physiological functions.
EXPERIMENTAL PROCEDURES
A detailed description of the following procedures is provided in the Supplemental Experimental Procedures.
Protein Expression and Purification
Plasmid constructs for expression of various Nup58 protomers and of Nup54H ( Figure 1B) were generated from Rattus norvegicus cDNAs (Dr. I. Melcak, Rockefeller University, NY) and the pET28a vector (Novagen) as described previously (Melcá k et al., 2007) . The plasmid construct for expression of KapN ( Figure 1B) was generated from the pGEX-6P1 expression vector containing full length human karyopherin b1 (Dr. E. Coutavas, Rockefeller University, NY). Each protein was expressed in Escherichia coli and purified by affinity, ion exchange, and size exclusion chromatography. KapN showed the same activity as full length Kapb1 in binding to the FG-domains used in this study ( Figure S6 ).
ITC
Samples for ITC experiments were dialyzed extensively (three changes, >24 hr total) against a binding buffer. Before titrations, the samples were filtered and centrifuged for 25 min at 4 C. All titration experiments were performed using an auto-ITC 200 (GE Healthcare) at 15 C with a pre-injection time of 600 s (for inspection of the baseline quality), 20 (2 ml) $40 injections (1 ml), an equilibration time of 180 s for each injection, and a stirring rate of 1,000 RPM. The typical concentration of KapN in the injection syringe was 50-170 mM. The concentrations of the Nup58 protomers and Nup54H in the reaction cell varied, depending on the type of experiment as shown in figures. For each reaction ( Figure 1C ), multiple titration data obtained at different protein concentrations were globally analyzed with a proper thermodynamic model using the nonlinear least-squares minimization method in Igor Pro 5.03 (WaveMatrics).
Construction of a Statistical Thermodynamic Model of the Midplane Ring
Defining a constricted subunit without Kap bound as a reference state, a statistical weight for each conformational/Kap bound state of a subunit was calculated from equilibrium constants determined in this study (Table 1) . A proper sum of these statistical weights yielded the partition function of the constricted (Z c ) or the dilated (Z d ) subunit. Then, Z c and Z d were combined with a cooperativity factor and a statistical enumeration of possible configurations to construct the partition function for a midplane ring with a specific number (h i) of dilated subunits (Z Pi ). Finally, the sum of Z Pi from i = 0 to 8 yielded the grand canonical partition function for the ensemble of midplane rings (Z mp ). Various quantities (e.g., Kap occupancy of the midplane ring) were calculated from derivatives of a log of the partition function (Z mp ) with respect to a log of a relevant variable (e.g., free Kap concentration).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, six figures, two tables, and one movie and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2015.05.013.
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